The primary psychoactive ingredient of marijuana, D
Introduction
The cannabinoid receptor type 1 (CB 1 ) agonist D 9 -tetrahydrocannabinol (D 9 -THC) is the primary psychoactive ingredient in marijuana, the most commonly used illicit drug in the United States. Recent surveys estimate approximately 20 million current (past month) users (Substance Abuse and Mental Health Services Administration; (http://www.samhsa. gov/data/sites/default/files/NSDUHresultsPDFWHTML2013/ Web/NSDUHresults2013.pdf). In addition, D
9
-THC has apparent medicinal value and there appears to be growing acceptance of its therapeutic, as well as recreational, use. For example, D 9 -THC, formulated as Marinol for oral delivery, is employed as an appetite stimulant and can serve as an antinausea and antiemetic agent (reviewed in Sharkey et al., 2014) . While the full therapeutic value of D 9 -THC or other CB 1 agonists is not yet understood, such cannabinergic effects are of known benefit in the palliative care of anorectic patients undergoing chemotherapy or suffering debilitating conditions such as AIDS or Alzheimer's disease (reviewed in Cridge and Rosengren, 2013) .
The apparent medicinal benefits of D 9 -THC have led to a broadening interest in the clinical utility of drugs that target the endocannabinoid system. However, in this regard D 9 -THC also is generally acknowledged to produce some unwanted effects in humans. These include adverse effects on several types of cognitive function and, especially, behavior thought to be mediated in the prefrontal cortex (reversal learning and attention) and hippocampus (short-term memory) (reviewed in Iversen 2005; Egerton et al., 2006; Crean et al., 2011; Zanettini et al., 2011) . Laboratory studies with nonhuman primates comparing the relative impact of D 9 -THC across several cognitive endpoints have confirmed that these aspects ABBREVIATIONS: CB 1 , cannabinoid receptor type 1; D
-THC, D
-tetrahydrocannabinol; DMTS, delayed matching-to-sample; FAAH, fatty acid amide hydrolase; FR, fixed ratio; ITI, intertrial interval; methanandamide (AM356), (R)-(1)-arachidonyl-19-hydroxy-29-propylamide; rimonabant (SR141716A), 5-(4-chlorophenyl)-1-(2,4-dichloro-phenyl)-4-methyl-N-(piperidin-1-yl)-1Hpyrazole-3-carboxamide; SEM, standard error of the mean; URB597, cyclohexylcarbamic acid 3-carbamoylbiphenyl-3-yl ester.
of cognitive function appear particularly vulnerable to D 9 -THC (e.g., Schulze et al., 1988; Winsauer et al., 1999; Taffe, 2012; Wright et al., 2013) .
Concern regarding such adverse effects of D
-THC on cognitive function has led to efforts to develop cannabinergic drugs that retain medicinal value, yet produce lesser adverse effects on cognition. One recent approach that has yielded encouraging preclinical results does not target the development of novel CB 1 agonists but instead involves enhancing endogenous cannabinergic activity by pharmacologically inhibiting the rapid metabolism of anandamide by fatty acid amide hydrolase (FAAH) (e.g., Kathuria et al., 2003; Seierstad and Breitenbucher, 2008; Gaetani et al., 2009; Pertwee, 2014 ). An emerging literature in which this approach is explored provides some preclinical evidence of efficacy in animal models of nausea, vomiting, and appetite (e.g., Williams and Kirkham, 1999; Cross-Mellor et al., 2007; Rock et al., 2008; Parker et al., 2009; Limebeer et al., 2014) . However, the effects of anandamide on cognitive function in nonhuman primates have not yet been fully delineated, and consequently it is unclear whether anandamide (or other endocannabinoids) offer a therapeutic advantage over CB 1 agonists such as D 9 -THC. The present studies were conducted to address this by examining the relative impact of the cannabinoid agonist D
-THC and both the endocannabinoid anandamide (administered alone and following FAAH inhibition) and its metabolically stable analog methanandamide [(R)-(1)-arachidonyl-19-hydroxy-29-propylamide] on performance across a range of touchscreenbased assays of cognitive function in nonhuman primates.
Materials and Methods

Subjects
Nine adult male squirrel monkeys (Saimiri sciureus) were used in the present studies. Six of the subjects engaged in two tasks, two subjects engaged in three tasks, and one subject engaged in one task. All subjects previously served in behavioral studies of dopaminerelated drugs or opioids, but had not received drug treatments for at least 6 months prior to the present studies. In addition, no subject had received cannabinoid receptor-related drugs or had touchscreen experience prior to the present studies.
All subjects were individually housed in a temperature-and humiditycontrolled vivarium with a 12-hour light/12-hour dark cycle (7 AM to 7 PM), and had unlimited access to water in the home cage. Subjects were maintained at approximate free-feeding weights by postsession feedings of a nutritionally balanced diet of high-protein, banana-flavored biscuits (Purina Monkey Chow, St. Louis, MO). In addition, fresh fruit and environmental enrichment were provided daily. Experimental sessions were conducted 5 days a week (Monday to Friday). The experimental protocol for the present studies was approved by the Institutional Animal Care and Use Committee at McLean Hospital. Subjects were maintained in a facility licensed by the U.S. Department of Agriculture and in accordance with guidelines provided by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animals Resources, Commission on Life Sciences, National Research Council (www.ncbi. nlm.nih.gov/books/n/nap12910/pdf).
Apparatus
Details, schematics, and photographs of the touch-sensitive experimental chamber can be found in Kangas and Bergman (2012) . Briefly, a custom-built Plexiglas chamber (38 Â 40 Â 60 cm) was situated in a sound-and light-attenuating enclosure (50 Â 60 Â 70 cm). A 17-inch touch-sensitive screen (1739L, ELO TouchSystems, Menlo Park, CA) was mounted on an inside wall of the enclosure and fit into a cutout in the chamber's front wall (34 Â 27 cm). An infusion pump (PHM-100-10, Med Associates, St. Albans, VT) outside the enclosure was used to deliver pulses of 0.15 ml of a 30% sweetened condensed milk solution into the shallow reservoir (diameter: 2.5 cm) of a custom-designed Plexiglas receptacle (5 Â 3.5 Â 1.27 cm). Both touchscreen and fluid reservoir were easily accessible to the subject. A speaker bar (NQ576AT, Hewlett-Packard, Palo Alto, CA) mounted above the touchscreen (i.e., at the top of the inside wall of the enclosure) was used to emit an audible feedback click each time the subject touched a stimulus presented on the screen. All experimental events and data collection were programmed in E-Prime Professional 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA). During all behavioral procedures described subsequently, subjects were placed within the experimental chamber prior to the daily session and were not restrained or restricted in their movement.
Procedures
Repeated Acquisition. Previously established methods were used to train subjects to repeatedly discriminate novel visual discriminations (Kangas and Bergman, 2014) . Briefly, each session began with concurrent presentation of two 7 Â 7 cm digital photographs, each in a different randomly selected quadrant of the screen (white background). A touch response on one stimulus initiated the delivery of milk into the reservoir (S 1 ) paired with an 880-millisecond yellow screen flash, and followed by a 10-second intertrial interval (ITI) blackout; a touch response to the other stimulus immediately initiated the 10-second ITI (S 2 ). The same two stimuli were presented during each of 200 trials comprising the day's session, and a new S 1 /S 2 pair was introduced each session. Photographs for each session were randomly selected from our laboratory bank of .10,000 images. Thus, the subject was required to learn a new S 1 /S 2 discrimination each session based on distinguishing features of two visual stimuli that had not been previously viewed (i.e., repeated acquisition). Subjects were exposed to the repeated acquisition task for 30 sessions prior to introduction of the discrimination reversal task (described subsequently).
Discrimination Reversal. In the discrimination reversal task, a variant of discrimination learning for examining cognitive flexibility (Mackintosh et al., 1968; Easton 2005) , the programmed consequences of responding reliably to the S 1 (and not S 2 ) stimulus were reversed after the subject learned the initial discrimination in daily sessions. Briefly, from the 31st session onward, the first 100 trials in the daily session were conducted exactly as described previously, i.e., subjects learned a novel discrimination each session. However, on trial 101 the relationship between S 1 and S 2 was reversed without signal, i.e., during trials 101-200 the stimulus that was initially S 1 was made S 2 , and vice versa. Prior to any drug testing, subjects were exposed to this discrimination reversal condition for a minimum of 30 sessions (see Kangas and Bergman, 2014) and until stability was observed in both steady-state acquisition and reversal performance. Stability was defined as 10 consecutive sessions in which, for both initial acquisition and reversal, the number of trials required for mastery (i.e., responding to S 1 in nine out of 10 consecutive trials) was within 620% of the average of the 10-session mean for each type of learning.
Discriminative Capability Trials. After steady-state discrimination was observed under the repeated acquisition and reversal tasks, discriminative capability trials were introduced to permit evaluation of the effects of drugs on the basic discriminative behavior required in repeated acquisition and discrimination reversal procedures. First, subjects were allowed to acquire a novel discrimination (here, a picture of an apple was S 1 and a picture of an orange was S 2 ) for five consecutive 200-trial sessions to provide a history of high accuracy in discriminating this stimulus pair. Subsequently, this stimulus pair appeared in every 10th trial of all sessions and served to identify nonselective motoric effects versus selective effects on learning when the effects of drugs were studied (cf. Galizio et al., 2009) .
Delayed Matching-to-Sample. Previously established methods were used to train subjects under delayed matching-to-sample (DMTS) conditions (e.g., Blough, 1959; McCarthy and White, 1985; Kangas et al., 2011) . Each DMTS session consisted of 60 trials (12 trials of each delay, presented in a quasi-random order). Each trial began with presentation of one of two 7 Â 7 cm pictorial stimuli (sample stimulus; either a dog or a box of crayons), which remained in the center of the screen (silver background) until 20 touchscreen responses were completed. Upon completion of the 20th fixed ratio (FR) response (FR20), the sample stimulus disappeared, initiating a delay of 0, 2, 4, 8, or 16 seconds. Following the delay, both stimuli were presented left and right of center, and a single touch response on the stimulus that matched the previously presented sample initiated milk presentation paired with an 880-millisecond yellow screen flash, followed by a 10-second ITI; a touch response on the other pictorial stimulus immediately initiated only the 10-second ITI. Steady-state performance in individual subjects was obtained prior to drug testing and was defined as 10 consecutive sessions with average accuracies under each retention interval within 610% of the average of the 10-session mean.
Psychomotor Vigilance. A psychomotor vigilance task was used to evaluate attention, reaction time, and underlying motoric behavior over time (e.g., Mackworth, 1948; Weed and Gold, 1998) . Briefly, a 7 Â 7 cm stimulus (pink box) appeared on the screen (blue background) in one of nine screen locations (evenly spaced 3 Â 3 matrix). The duration of stimulus presentation was 2 seconds on the first trial of the session, and thereafter both the intermittency of the stimulus presentation (after 5-, 10-, or 15-second ITI; no blackout during ITI) and the stimulus location were randomized across trials. If the subject successfully touched the stimulus within 2 seconds, milk was delivered and the duration of stimulus presentation decreased by 0.25 seconds on the subsequent trial; if the subject failed to respond within 2 seconds, the stimulus was extinguished and, following a timeout period, the duration of the stimulus presentation increased by 0.25 seconds on the subsequent trial. These titrating contingencies were designed to capture the subject's reaction time and ability to maintain task performance across a 100-trial session (i.e., focused vigilance). The primary dependent measure under these conditions was mean titrated duration value. Steady-state performance in individual subjects was obtained prior to drug administration and was defined as five consecutive session means within 620% of the average mean of the five sessions.
Progressive Ratio. A progressive ratio procedure (Hodos, 1961 ) was used to measure motivational value in the present study by determining the maximum number of responses that were emitted for milk delivery. Briefly, subjects first learned to touch a 7 Â 7 cm green box (purple background) in the middle of the screen to produce milk delivery. Next, a progressive ratio schedule of milk presentation was introduced, and each reinforcer delivery led to an increase in the number of touchscreen responses required for subsequent presentation. The progressive ratio requirement was programmed with a log 2 step size (i.e., 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, and 1024) . Each milk reinforcer was paired with an 880-millisecond yellow screen flash and followed by a 10-second ITI blackout. Each session was terminated following either 5 minutes without a response or 45 minutes, whichever came first. Steady-state performance in individual subjects was obtained prior to drug testing and was defined as five consecutive sessions yielding a breakpoint within one of two adjacent step sizes.
Drug Testing
After stable performance was obtained in all tasks, test sessions were conducted to determine the dose-related effects of the CB 1 agonist D
9
-THC, the endocannabinoid anandamide alone, and after treatment with the FAAH inhibitor URB597 (cyclohexylcarbamic acid 3-carbamoylbiphenyl-3-yl ester), as well as its metabolically stable analog methanandamide. The effects of D
-THC on discriminative capability trials, repeated acquisition, discrimination reversal, and DMTS were also assessed following pretreatment with the CB 1 selective inverse agonist/antagonist rimonabant [5-(4-chlorophenyl)-
. Drugs were tested in a quasi-random order.
Each dose of each drug was studied on each task individually across sessions with at least three intervening control (no drug) or saline sessions to minimize the development of tolerance. For repeated acquisition, DMTS, psychomotor vigilance, and progressive ratio, subjects were injected, placed in a holding chamber for the drug's pretreatment interval (described subsequently), and then placed in the touchscreen chamber for the session. To assess drug effects on discrimination reversal, subjects first learned a novel discrimination during a 100-trial acquisition session. Next, subjects were removed from the touchscreen chamber, injected, and placed in a holding chamber for the pretreatment interval, and then returned to the touchscreen chamber with the contingencies reversed. Previous research in our laboratory has indicated that such intervals between acquisition and reversal have no effect on reversal learning (see Kangas and Bergman, 2014) . With the exception of progressive ratio, all experimental sessions were terminated if 15 minutes elapsed without a response. However, in the present studies, this limit was only contacted in the instances highlighted subsequently when relatively large doses of drugs tested abolished performance.
Data Analysis
The effects of all drugs on discriminative capability trials, repeated acquisition, and discrimination reversal were expressed as changes in accuracy. Drug effects on DMTS performance similarly were expressed as changes in accuracy as a function of delay value (i.e., forgetting function). Accuracy was calculated using the following equation: [number of correct trials/total number of trials] Â 100. In addition, latency to respond (seconds) was calculated for discriminative capability trials, repeated acquisition, and discrimination reversal as the interval between trial onset and response to either S 1 or S 2 . For DMTS, response rate (responses/second) during the FR20 sample stimulus response requirement was calculated by dividing 20 by the interval between the onset and offset of the sample stimulus. For repeated acquisition, discrimination reversal, and DMTS, if 15 minutes elapsed without a response the session was terminated and accuracy was considered indeterminate. The effects of drugs on psychomotor vigilance were measured as changes in mean titrated duration. Overall mean titrated duration values were calculated by averaging the 100 titrated duration values recorded in the session. The primary dependent measure used to evaluate dose effects on progressive ratio was mean change in breakpoint expressed as stepsize deviation averaged across individual subjects.
A repeated-measures one-way analysis of variance was conducted to evaluate the statistical significance of each drug treatment in all tasks except DMTS. When appropriate, analysis of variance was followed by a Dunnett's test to evaluate the statistical significance of dose-related changes from group-average control values. The criterion for significance was set at P , 0.05. Given the relatively small sample size in the DMTS task (n 5 3), performance was assessed by visual inspection.
Drugs
Anandamide, methanandamide, and URB597 were synthesized by the present authors (V.G.S., S.O.A., S.P.N., and A.M.) in the Center for Drug Discovery at Northeastern University. Δ 9 -THC and methanandamide, and 60 minutes for URB597.
Results
Repeated Acquisition, Discrimination Reversal, and Discriminative Capability Trials. All subjects effectively engaged in the repeated acquisition and discrimination reversal tasks following 30 training sessions under each task. A summary of the baseline performance described previously is plotted as control values in Figs. 1 and 2 . Data are plotted in terms of accuracy, i.e., the percentage of trials that were correctly completed instead of trials to mastery because discrimination and/or reversal mastery during drug testing were not fully achieved following administration of some behaviorally active doses. Stable baseline performance under the repeated acquisition task was observed by the end of the 30-session training condition with subjects requiring, on average, approximately 14 (64) trials to master the novel discrimination. The open circles show the baseline accuracy of repeated acquisition during control sessions. The group mean of 94% correct represents the group average of 14 trials to master a novel discrimination (with intermittent correct responses during the initially chance performance). Stable baseline performance was also observed under the discrimination reversal task by the end of the 30-session training condition; however, more trials in each session were needed to achieve the same level of mastery [group average of 46 (66) Figs. 1 and 2 show baseline accuracy of discrimination reversal during control sessions. The group mean of 81% correct represents the group average of 46 trials to master the reversal (again with intermittent correct responses during initially chance performance). Thus, on average the reacquisition of stimulus control by reversed stimuli in the second half of the daily session required more than three times the number of trials needed to establish the initial discrimination. We have previously observed this difference in the steady-state rate of learning and reversal performance (for additional details on the development of learning and reversal performance, see Kangas and Bergman, 2014) . Discriminative capability trials were quickly mastered and near-perfect accuracy was observed in control sessions throughout the present studies, shown by the open diamonds in Figs 1 and 2 (group mean of 99% correct). In all three tasks, saline administration had no systematic effect on accuracies when compared with noninjection control values. Figure 1 presents the dose-response functions for D
9
-THC alone (black symbols) and following pretreatment with 1.0 mg/kg rimonabant (shaded symbols). Accuracy under the discriminative capability trials remained near-perfect until the dose of 1.0 mg/kg D 9 -THC abolished performance. Modest, but orderly and significant, dose-related decreases in accuracy occurred under the repeated acquisition task following administration of 0.32 mg/kg (f 5 4.41, P , 0.01) and 0.56 mg/kg (f 5 5.91, P , 0.01), and again the dose of 1.0 mg/kg abolished responding in all subjects. The dose-response function for accuracy during the discrimination reversal task reveals larger dose-related effects on reversal performance. In particular, 0.32 mg/kg of D 9 -THC produced a group-average decrease in reversal performance accuracy (55% correct) that only approached statistical significance (f 5 2.94, P 5 0.06). A dose of 0.56 mg/kg of D
-THC abolished reversal performance in four out of five subjects and resulted in poor accuracy (54%) in the fifth subject.
As the shaded symbols in Fig. 1 indicate, pretreatment with 1.0 mg/kg of rimonabant shifted all three dose-response functions-discriminative capability, acquisition, and reversal-to the right. Thus, in the presence of rimonabant, 5.6 mg/kg of D
-THC was required to abolish discrimination reversal performance in all subjects, reflecting a three-quarter log-unit shift rightward in the dose-response function. Latency to respond under repeated acquisition, discrimination reversal, and discriminative capability trials was, on average, stable and relatively quick under control conditions [1.7 seconds (60.4)]. Group-average latencies following 0.03-0.32 mg/kg D 9 -THC remained consistently less than 3 seconds. However, the one subject able to engage in discrimination reversal following 0.56 mg/kg D 9 -THC had an average session-wide latency of 5.45 seconds. Latency measures were either comparable or slightly increased relative to control values following D 9 -THC with rimonabant pretreatment. Session-wide group averages remained under 3 seconds across the range of doses, with the exception of the two subjects able to engage in discrimination reversal following 3.2 mg/kg D 9 -THC (4.9 and 12.2 seconds). Figure 2 , A-D shows discriminative capability trials (filled diamonds), repeated acquisition (filled circles), and discrimination reversal (filled triangles) following administration of anandamide, the FAAH inhibitor URB597, anandamide following pretreatment with 3.2 mg/kg URB597, and methanandamide. As Fig. 2 shows, neither anandamide nor URB597 up to doses of 32.0 and 3.2 mg/kg, respectively, significantly disturbed discriminative capability trials, repeated acquisition, or discrimination reversal. In addition, following pretreatment with 3.2 mg/kg URB597, doses of anandamide up to 32.0 mg/kg failed to adversely affect discriminative capability trials, repeated acquisition, or discrimination reversal. A small decrease in the group-average reversal accuracy was observed following 3.2 mg/kg URB597 1 10.0 mg/kg anandamide, but this effect was largely due to data in one subject and was not statistically significant (f 5 2.14, P . 0.05). Finally, doses up to 32.0 mg/kg methanandamide also failed to disturb discriminative capability trials, repeated acquisition, or discrimination reversal. Latency to respond was relatively insensitive to the range of URB597, anandamide (with or without URB597 pretreatment), and methanandamide doses tested. Some minor -THC alone (black symbols) and following treatment of 1.0 mg/kg of rimonabant (shaded symbols) on repeated acquisition (RA) trials (circles), discrimination reversal (DR) trials (triangles), and discriminative capability (DC) trials (diamonds). Abscissa, cumulative dose, log scale; ordinate, mean percent correct. Symbols left of abscissa break indicate performance during noninjection control (C) and saline (S) sessions. Points represent averages (6S.E.M.) for the groups of subjects; n = 5, *P , 0.05, **P , 0.01. variability in session-wide latencies were observed; however, group averages in all cases did not exceed 3 seconds, and most often approximated control values.
Delayed Matching-to-Sample. Figure 3 , A-F shows grouped data for DMTS forgetting functions for D 9 -THC alone and following pretreatment of 1.0 mg/kg rimonabant, anandamide, URB597, anandamide following pretreatment with 3.2 mg/kg URB597, and methanandamide. A dose of 0.03 mg/kg D 9 -THC produced no changes from the control forgetting function, whereas 0.1 mg/kg produced decreases in accuracy under the smaller delay values [0, 2, and 4 seconds, where high accuracy (.75%) was previously observed under control conditions] but not under longer delay values (Fig. 3A) . Reasons for this difference in performance following shorter delays are currently unclear. It may be that performance approaching chance levels under control conditions (here, 50% correct) is less sensitive to the effects of D 9 -THC. A higher dose of 0.32 mg/kg D 9 -THC was tested and abolished all responding in all subjects. These effects of D 9 -THC on DMTS performance were antagonized by rimonabant (Fig. 3B) ; following treatment with 1.0 mg/kg of rimonabant, 0.32 mg/kg of D 9 -THC was generally without effect, whereas a 10-fold higher dose (3.2 mg/kg D 9 -THC) abolished responding in two subjects and was without effect in the third subject. Neither anandamide (Fig. 3C) nor URB597 (Fig. 3D ) alone produced any decreases in DMTS performance under a wide range of doses; however, moderate increases in accuracy were observed under the 16-second delay following the largest dose of each drug tested. Following administration of 32.0 mg/kg of anandamide after treatment with 3.2 mg/kg of URB597 (Fig. 3E) , performance was abolished in one subject and average accuracy was reduced under the 0-and 2-second delays to ,75% in the other two subjects. Treatment with 17.8 mg/kg methanandamide abolished responding in two subjects and, in the third subject, reduced accuracy under the 0-and 2-second delay and increased accuracy to under the 16-second delay (Fig. 3F) . -THC (with and without rimonabant pretreatment), but average rates remained consistently above 1 response/second. Similarly modest decreases were also observed with the largest doses of anandamide (with URB597 pretreatment) and methanandamide tested.
Psychomotor Vigilance. Figure 4 , A-D presents mean titrated delay values under the psychomotor vigilance task following treatment with D 9 -THC, methanandamide, URB597, and anandamide alone (open triangles) and following treatment with 3.2 mg/kg URB597 (filled triangles). All subjects were able to maintain focused vigilance with mean titrated durations of ,1 second throughout the 100-trial control sessions. As Fig. 4 shows, D 9 -THC and methanandamide produced dose-related increases in reaction time. No statistically significant effects were observed on reaction time following low doses of each agonist, whereas the largest doses of D 9 -THC and methanandamide produced marked and significant response disruptions in reaction time, yielding mean titrated duration values approaching 10 seconds (f 5 5.66, P , 0.01 and f 5 5.02, P , 0.01, respectively). Intermediate doses produced moderate increases in mean titrated duration values in all subjects but failed to reach statistical significance, with the exception of 0.32 mg/kg D 9 -THC (f 5 3.47, P , 0.05). URB597 and anandamide alone up to doses of 3.2 and 10.0 mg/kg, respectively, did not increase mean titrated durations. However, 5.6 mg/kg anandamide following treatment with 3.2 mg/kg URB597 significantly increased mean titrated duration value to approximately 5 seconds (f 5 5.51, P , 0.01).
Progressive Ratio. Steady-state progressive ratio performance developed in fewer than 10 sessions in all six subjects. Modal response breakpoints varied among subjects and were 32 (n 5 2), 64 (n 5 2), and 128 (n 5 2). Figure 5 , A-D shows mean step-size changes in the progressive ratio breakpoint following D
-THC, methanandamide, URB597, and anandamide alone (open triangles) and following treatment with 3.2 mg/kg Fig. 2 . Dose-effect functions for anandamide (A), URB597 (B), anandamide following treatment of 3.2 mg/kg of URB597 (C), and methanandamide (D) on repeated acquisition (RA) trials (circles), discrimination reversal (DR) trials (triangles), and discriminative capability (DC) trials (diamonds). Abscissae, cumulative dose, log scale; ordinate, mean percent correct. Symbols left of abscissae breaks indicate performance during noninjection control (C) and saline (S) sessions. Points represent averages (6S.E.M.) for the groups of subjects; n = 5.
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URB597 (filled triangles).
No statistically significant changes in breakpoint were observed for any drug across the range of doses shown in Fig. 5 ; doses of D 9 -THC one-half log unit higher than those shown in Fig. 5 consistently abolished responding, making breakpoints indeterminate.
Discussion
In the present experiments, the effects of cannabinergic drugs were studied using a battery of touchscreen procedures to assay different facets of cognition-related behavior in nonhuman primates. The use of such a battery to provide multiple complex behavioral endpoints has been highlighted in previous research in human and nonhuman subjects (e.g., Sahakian and Owen, 1992; Nagahara et al., 2010) and is considered to provide a meaningful assessment of the varied cognition-related effects of psychoactive drugs. In the present experiments, this approach permitted the identification of key qualitative distinctions between the behavioral effects of the CB 1 receptor agonist D
9
-THC and those of anandamide, whether administered alone, in the presence of a FAAH inhibitor, or as its stable analog methanandamide. 
D
9 -THC produced dose-related decrements in the performance of each task in the present studies, with the exception of progressive ratio. The largely null results obtained with the progressive ratio procedure (Fig. 5) provide evidence that the dose-related effects observed in the other assays likely are due to the effects on cognitive behavior rather than changes in motivation to respond. Moreover, the capacity of rimonabant to antagonize the effects of D
9
-THC is consistent with the view that such decrements in cognitive behavior are due to its CB 1 -mediated actions. These effects of D
-THC administration systematically replicate previously observed findings in nonhuman primates (e.g., Schulze et al., 1988; Winsauer et al., 1999; Taffe, 2012; Wright et al., 2013) .
Anandamide alone was without effect on all endpoints; this was almost certainly due to its rapid metabolic inactivation (e.g., Willoughby et al., 1997; Stewart and McMahon, 2011) . Large doses of methanandamide, the stable analog of anandamide, or anandamide administered after treatment with the FAAH inhibitor URB597 also did not affect measures of discriminative capability, learning, or cognitive flexibility, but in some subjects abolished responding in the short-term memory task. Comparing the four discrimination tasks in the present studies -THC (1.0 mg/kg) was tested, but performance was abolished making breakpoints indeterminate; n = 6.
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(discriminative capability, repeated acquisition, discrimination reversal, and DMTS), short-term memory assayed by the DMTS task was most vulnerable to drug action, followed by discrimination reversal, repeated acquisition, and discriminative capability. Although differences in baseline accuracies make potency comparisons across tasks difficult, examination of drug doses that eliminated discriminative performance reveals the differences in relative potency. For example, a dose of 0.32 mg/kg D 9 -THC had moderate effects on repeated acquisition performance; however, none of the subjects were able to initiate the DMTS task. Likewise, although doses of 32 mg/kg anandamide (after URB597 pretreatment) and 17.8 mg/kg methanandamide failed to perturb acquisition or reversal performance, these same doses abolished performance in the DMTS task in some subjects. The memorial vulnerability revealed by these comparisons across discrimination-based tasks is consistent with previous suggestions that cannabis has particularly deleterious effects on short-term memory in humans (reviewed in Ranganathan and D'Souza, 2006; Solowij and Battisti, 2008) and systematically replicates previous findings with nonhuman primates (Schulze et al., 1988; Taffe, 2012) .
The basis for the observed differences in cannabinoid potency across tasks is uncertain but may be related to differences in sensitivity to drug action across the different neural substrates involved in these complex behavioral performances. The present studies were not designed to assess localization of function under the different cognitive tasks, but previous research may inform the current findings. For example, the control of discrimination reversal performance appears to be highly localized in the orbital prefrontal cortex (reviewed in Chudasama, 2011) , whereas DMTS is thought to be closely controlled by hippocampal mechanisms (reviewed in Eichenbaum et al., 1992) . Although CB 1 receptors are widely expressed throughout the brain (Freund et al., 2003) , recent studies have indicated that CB 1 receptor dynamics (e.g., desensitization and downregulation) differ across brain regions (see Lazenka et al., 2013) and showed that following discontinuation cannabinoidinduced decreases in CB 1 receptor function persisted relatively longer and CB 1 receptor signaling recovered more quickly in the striatum compared with the hippocampus. These findings are consistent with recent data from positron emission tomography imaging studies in human marijuana users that showed slower recovery of CB 1 receptors in hippocampus than in other brain regions (Hirvonen et al., 2012) . Although not well understood at present, such differences in regional CB 1 receptor dynamics and signaling possibly are also reflected in the different potencies of CB 1 agonists across cognitive tasks that are mediated in different brain areas.
Alternatively, it may be that differences in the relative potencies of the cannabinergic drugs across tasks most directly reflect differences in the difficulty of the tasks, i.e., more difficult tasks may be more vulnerable to cannabinergic drug action, resulting in higher potency. For example, early research by Branch et al. (1980) showed that squirrel monkeys trained to emit a 5-key response sequence were more sensitive to acute doses of D
9
-THC than when emitting a 2-key sequence. In this regard, performances under the four tasks represented in Figs. 1-3 all require discriminative behavior but differ in complexity. That is, discriminative capability trials are a simple and well-learned discrimination, repeated acquisition adds complexity with the daily presentation of novel stimuli, and discrimination reversal is made even more complex due to the unsignaled shift in contingency. DMTS is perhaps the most complex task among the four procedures because accuracy depends on a conditional discrimination (i.e., S 1 and S 2 contingencies are conditional on the previously presented sample) and, moreover, a delay between the presentation of sample and comparison stimuli. Thus, although the extent to which a drug's potency depends on task complexity may be difficult to determine a priori, the present results support the view that this factor at least contributed to differences in the potency of cannabinergic drugs in cognitionrelated studies.
Whether differences in potency in the present studies were based on neural mechanisms and/or behavioral complexity, anandamide (delivered exogenously with or without a FAAH inhibitor) and its metabolically stable analog methanandamide up to large doses had less disruptive effects on performance of all tasks than observed with D 9 -THC. Although solubility issues precluded testing doses of anandamide and methanandamide larger than 32.0 mg/kg, data from the psychomotor vigilance task (Fig. 4) provide evidence that the highest doses of anandamide and methanandamide in the present studies were behaviorally active and simply not very effective in other tasks. For example, following pretreatment with 3.2 mg/kg URB597, a dose of 5.6 mg/kg anandamide significantly increased mean titrated duration values, whereas doses up to 32.0 mg/kg anandamide failed to perturb acquisition or reversal performance. Likewise, 32.0 mg/kg of methanandamide significantly disrupted psychomotor vigilance but had no effect on acquisition or reversal performance. In contrast, the doses of D
-THC that significantly disrupted psychomotor vigilance also reliably disrupted reversal performance. These data are somewhat surprising given the highly stable latency measures observed in repeated acquisition and discrimination reversal performance following the same dose ranges. Dose-related effects on response rate during the DMTS task corresponded to the relative dose-related effects on accuracy, but were nevertheless fairly modest in magnitude. Therefore, it appears that maintaining short titrating duration values across a 100-trial session (i.e., focused vigilance) is more sensitive to cannabinergic action than reaction time or response rate during discriminative performance. However, it should be noted that this psychomotor vigilance task was not designed to tease apart the effect of a drug on the subject's ability to detect a signal (vigilance) versus the ability to respond repeatedly (psychomotor effect).
While it is possible that larger doses of anandamide following FAAH inhibition or methanandamide might have led to decreases in discriminative performance, the present results support the view that metabolically stable forms of anandamide may activate the cannabinoid system with less profound effects on cognitive behavior. Explanations for such lesser effects of the endocannabinoid are presently uncertain. Based on data from previous studies, anandamide may have lower efficacy at CB 1 receptors than other cannabinergic drugs, and thus its lesser effects on cognitive function may reflect its partial agonist activity (Mackie et al., 1993; Järbe et al., 1998; Desai et al., 2013) . In this regard, D 9 -THC also is usually considered to be a CB 1 partial agonist; however, its
